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We consider the possibility that supernovae which form hyper-accreting black holes
might be responsible for synthesis of r-process elements with mass A< 130. Calcu-
lations are presented which show that these elements are naturally synthesized in
neutron-rich magnetically-dominated bubbles born in the inner regions of a black
hole accretion disk. Simple considerations suggest that the total mass ejected in
the form of these bubbles is about that needed to account for the entire galactic
inventory of the 2nd-peak r-process elements. We also argue that if collapsars are
responsible for, e.g., Ag synthesis, then Ag abundances should be correlated with
Sc and/or Zn abundances in metal-poor stars.

1. Introduction

There is growing evidence that the engines powering long-duration Gamma,
Ray Bursts (GRBs) are associated with interesting nucleosynthesis. Obser-
vations of a characteristic 'red bump’ in late-time GRB light curves indicate
that many, maybe all, long GRBs copiously produce radioactive nickel mov-
ing outwards at fractions of the speed of light!:?34, This *Ni is familiar
as the product of explosive burning occurring as a strong shock sweeps
through the stellar mantle in ordinary SNe. In the still mysterious GRB
environment, however, the Ni is likely telling us about a unique and differ-
ent process. Consideration of this will lead to interesting insights about a
possible origin for the r-process elements.

Though there are other possibilities, we will assume that GRBs are
produced by a viscous black hole accretion disk formed after the collapse of
a rotating massive star®6. Within the context of this collapsar model there
are two ways observed nickel could be synthesized. As in ’successful’ SNe,
Ni may be synthesized explosively as a strong shock traverses the stellar
mantle. One difficulty with this idea is that there is no clear analog of the



neutron star core bounce that initiates strong shocks in typical SNe. Also,
even if some mechanism does initiate a strong shock, the parameters of this
mechanism need to be very finely chosen in order to explain observations’.

Observed nickel might also be synthesized in a vigorous wind blown
off the accretion disk surface$:8. Here we focus on this possibility. In the
next two sections we discuss the composition of the accretion disk and the
nucleosynthesis occurring in winds blown from the disk. It turns out that
though the disk itself is likely quite neutron rich, it is hard to see how this
neutron richness can survive in the wind. So, r-process elements cannot be
synthesized in a wind. Section 3 describes a different way of synthesizing
heavy, neutron-rich elements - localized bubbles. Section 4 outlines an
observational test of whether or not GRBs are responsible for synthesizing
some r-process elements.

2. Composition of the accretion disk

Before we can understand nucleosynthesis in collapsars, we need to know
conditions in the disk material feeding outflows. At large radii the disk is fed
by relatively cool bound nuclei found in the stellar mantle. This material
has an electron fraction very close to 1/2. Here the electron fraction Y, =
p/(n + p), with p and n the number densities of protons and neutrons. As
material spirals inwards, viscous heating converts a fraction of the liberated
gravitational energy into thermal energy. At a radius of about 10%cm the
disk becomes hot enough that a-particles and all heavier elements dissociate
into free nucleons. Once this happens the charged lepton capture reactions

e p v, (1)
etn — p7, (2)

begin in earnest. The neutron to proton ratio is then set by a competition
between the above processes.

The composition of the inner disk is a sensitive function of the rate
M at which the disk is accreting onto the black hole and the strength of
the viscosity, described here by the usual parameter a. Figure 1 shows
the composition of a disk characterized by M = 0.03Mg /sec and a = 0.1
accreting onto a hole of mass 3Mg. At small radii neutrino losses become
important and sap entropy from the flow. This inner region is characterized
by a large electron degeneracy and low electron fraction (Y, = 0.15).

Figure 1 was taken from Pruet, Woosley & Hoffman 2003. That work
used published disk structures'® to calculate the disk composition. A some-
what different treatment of the disk composition appeared at about the



7
Log(r)

Figure 1. Composition of an accretion disk characterized by M = 0.1Mg /sec and
a = 0.03. Here X; is the mass fraction of free nucleons and A, ,(r/V) is a rough
instantaneous estimate of the number of e captures suffered by a nucleon before the
nucleon crosses the event horizon. Units for r here are cm.

same time by Beloborodov!!. Beloborodov develops a useful, semi-analytic,
and in some sense self-consistent description of the disk structure and com-
position.

There is basic agreement among different authors that the inner re-
gions of the disk become markedly neutron rich for modest accretion rates
(M > 0.1Mg/sec). However, there remain a number of shortcomings in
the understanding of accretion disk composition. In the first place, previ-
ous efforts are based on 1-d height-integrated approximations for the disk
structure. The dependence of Y, on height within the disk, or an ade-
quate understanding of how Y, tends towards the disk surface, has yet to
be worked out (though preliminary studies have been made'2:8). Secondly,
if disk winds really are responsible for observed nickel, then about half of
the accreting material must be blown away before it has a chance to get
to the black hole. The influence of this mass loss on the disk structure has
been studied for a few cases®. Feedback on the disk composition remains
more or less unstudied.

3. Winds from the Disk

MacFadyen & Woosley first calculated that viscous heating above the sur-
face of a disk could deposit entropy and drive a wind. Their observation that
nickel might be synthesized in this wind presaged observations of SN-like
light curves associated with ordinary GRBs. Calculations and observations
of GRBs imply that the wind is very energetic. For SN2003dh, for example,



a total outflow kinetic energy of a few times 10%2erg was inferred!s'3. This is
an order of magnitude larger than the kinetic energy associated with typical
SNe and dwarves the energy in the GRB proper. The large energy carried
by the wind implies that the overlying stellar mantle is quickly swept away
and can be neglected at the small radii where nuclei are synthesized. This
is an important observation because it allows simple treatments of the wind
near the central regions of the star.

To motivate a discussion of the wind properties we give here a very
schematic prescription for calculating the wind:

Tds = d@ = (v heating + viscous heating — neutrino losses) (3)
dY, = ( effect of e* /v capture) 4)
dv = ( pressure gradient + “centrifugal” forces + gravity )  (5)

Here s is the entropy per baryon and v is the velocity projected along fluid
streamlines. Let’s compare these terms with their counterparts describing
spherically symmetric winds from neutron stars.

i) The entropy equation: One interesting result from Qian and
Woosley’s'* study of outflows from neutron stars (NSs) was that the wind
properties important for nucleosynthesis are quite insensitive to the heat-
ing rate (i.e neutrino energy deposition rate). For example, those authors
found that the asymptotic entropy should scale as L;l/ 6, with L, the v,
or v, luminosity. In the case of winds from NSs, this insensitivity arises
in part because there is an important interplay between the neutrino lu-
minosity and conditions at the base of the wind. At the base of the wind
the temperature adjusts itself so that the neutrino heating and neutrino
cooling rates balance each other.

Things are more complicated for outflows from accretion disks. If a sim-
ple a-prescription for the viscosity is used it is found that viscous heating
may or may not dominate over neutrino heating, depending on fine details
such as the angular momentum of the black hole. Also, there is in general
not a tight balance between heating and cooling in the disk. Nonetheless, it
has been found that the asymptotic wind entropy is not sensitive to factors
of ~ 3 changes in the heating rates®. This is comforting because it is gen-
erally agreed that ”viscous heating” - represented by a shear-stress tensor
- is only a very rough representation of the magnetic processes providing
viscosity. Because wind properties are not so sensitive to the heating rates,
it may be that one can entirely neglect either the neutrino heating or the
viscous heating (though not both at the same time) in a description of the
wind and get close to the right answer for the asymptotic wind properties.



ii) The Y, equation: In winds from neutron stars the electron fraction is
set by a competition between v, and 7, capture. Apart from effects having
to do with nucleosynthesis, the asymptotic Y, just mirrors the neutrino
spectrum coming from the NS. Because the neutron star through which
the neutrinos diffuse is neutron-rich, the v, spectrum is cooler than the 7,
spectrum. Consequently, 7.p — n wins out over v,n — p, and the outflow
is driven neutron-rich.

In winds from accretion disks all factors conspire to drive the outflow
proton rich. In part this is because e* capture generally dominates over
neutrino capture. Once the entropy of the outflow is raised by viscous
heating, the electron degeneracy is removed and positron capture wins out
over electron capture because of the neutron-proton mass difference. When
neutrinos are important they also tend to drive the outflow proton rich
because collapsar-like disks are generally not optically thick to neutrinos
and the most energetic neutrinos come from e p — nv,.

iii) Evolution of velocity along fluid streamlines. This is straightfor-
ward in the case of spherically symmetric winds from NSs. For winds from
disks, this equation seems to Kkill the possibility of a simple 1-d treatment
of the wind. To see why, note that within the disk the azimuthal velocity
is essentially Keplerian, so the material already has half the kinetic energy
needed to escape the gravitational pull of the black hole. Now, what is the
evolution of azimuthal velocity with height above the disk? The answer
to this question depends sensitively on the 8 — ¢ component of the shear
stress tensor, which in turn depends on details of the magnetic processes
responsible for viscosity. There are two limiting assumptions. One is that
fluid streamlines are frozen into and co-rotate with the disk. In this case no
heating is needed to drive material from the disk and the asymptotic en-
tropy can be very low. The other limiting assumption is that the azimuthal
velocity reaches the asymptotic value of zero within a few disk-scale heights
of the disk mid-plane. In this case the asymptotic entropies are found to be
~ 30 — 50. It is clear from a consideration of the magnetic field strengths
needed to anchor streamlines to the disk that the second limiting approxi-
mation is closer to the truth.

To summarize results of previous studies of disk-winds in broad stroke,
asymptotic entropies are modest (< 30—50) and the asymptotic Y, is never
lower than about 0.45. There is actually a strong anti-correlation between
Y, in the disk and Y, at infinity. Heavy neutron rich elements can’t be
synthesized in winds.



4. Bubbles

If accretion disks really were characterized by some sort of friction-like mi-
croscopic viscosity, then only proton-rich modest entropy outflows would
occur. However, it is generally agreed that a magnetic instability, the so
called magneto-rotational instability'®, is responsible for mediating angular
momentum transfer in the disk. Because of this, one expects there to be
small, localized regions of the disk which have larger than average mag-
netic field densities. Pressure equilibrium with the ambient fluid implies
that these bubbles will be underdense and will rise in the approximately
exponential atmosphere of the disk. The time it takes to rise one disk scale-
height is roughly a Kepler period, or about a few ms. This is much faster
than the rise time of the wind. The electron capture timescale in the disk
is

Tec & 0.1sec (3MeV/T)?, (6)

which implies that magnetically dominated bubbles retain their neutron-
richness. As a bubble rises magnetic reconnection can convert energy in
magnetic fields to thermal energy and in this way increases the entropy of
the bubble.

In the dynamic collapsar environment there will likely be a wide vari-
ety of these bubbles. Without detailed simulations only a few things are
known. The electron fraction is somewhere between that characterizing
the disk and that characterizing the wind. The asymptotic entropy of the
bubbles must be at least as large as that characterizing the wind, otherwise
bubbles wouldn’t rise, but would instead break early on and mix with the
wind. Lastly, the dynamic time scale characterizing the evolution of the
wind is likely not much different from the dynamic time scale characteriz-
ing the evolution of the bubbles, because both the wind and the bubbles
are radiation dominated. For a radiation dominated fluid the pressure is
approximately independent of the density. To incorporate these general
considerations, we can describe bubbles by

s =50+50r; Y, = 0.15+0.25r; 7 = 0.03(1 +4r) sec; Tomix = 1+2r. (7)

Here r is a random number chosen separately for each of the above expres-
sions and Ty mix is the temperature at which the bubble is assumed to break
and mix with the wind material.

Average overproduction factors for one hundred bubbles generated as
described above are shown in Fig. 2. Overall there is quite good agreement
with the solar abundance pattern of 90 < A < 130 r-process elements.
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Figure 2. Average overproduction factors for 100 bubbles generated according to
eqn. (7). Solid lines connect isotopes of a given element. The most abundant isotope in
the Sun for a given element is plotted as an asterisk. A diamond around a data point
indicates the production of that isotope as a radioactive progenitor. Agreement with the
solar abundance pattern of 7-process elements with A < 130 is quite good, though 1271
is under-produced by a factor of about 4. Production of species heavier than A = 130 is
negligible.

If collapsars are responsible for the 2nd peak r-process elements then
they must eject M ~ 107° M,/ f. in the form of bubbles in order to account
for the present day inventory of these elements in the galaxy. Here f. is the
fraction of core collapse SNe that become collapsars. The collapsar rate
is unknown, but is likely ~ 0.1 — 0.01 as large as the SNII rate'®. The
total mass needed in the form of bubbles is less than about 0.1% the total
wind mass. If typical bubbles are formed with initial radius ry, temperature
T,, and entropy s, per baryon, the amount of mass needed in the form of
bubbles implies that the number of bubbles needed per event is

sp (108em\® /2MeV\® M,
~ 5005 . 8
b 50050( e ) T, ) 10-4M, )

Now, if the disk lasts for a time ¢ comparable to observed durations of
GRBs, the number of disk revolutions, or magnetic field windings, per
bubble is

tQy N t Qy, E )
2mn,  50sec 103sec L ny

Nwind =

which is a reasonable number if magnetic instabilities take a few rotations



to develop.

5. How could we tell?

There don’t seem to be any strong arguments against collapsars as the
site of A < 130 r-process elements. In fact, Qian and his collaborators
have argued for some time that the 2nd-peak elements are produced in
events that occur considerably less frequently than do Type IT SNel” (SNII).
This sounds a little like collapsars. Nonetheless, any arguments in favor of
collapsars as the source of 2nd peak elements are speculative at best. A
clear and convincing observational test is needed.

One possible test is a correlation between abundances of second peak r-
elements and nucleosynthetically unrelated elements ejected in the collapsar
explosion. To illustrate this idea, suppose that we somehow knew that
collapsars make a lot of, say, °Sc. A convincing correlation between [Sc/Fe]
and [Ag/Fe] in metal-poor stars would be evidence that collapsars make
silver. Of course, this idea can only work if other astrophysical events (like
SNII) can’t explain the correlation. To address this, we need a detailed
understanding of what it is that collapsars synthesize.

It turns out that even though there are uncertainties concerning the
detailed inner-workings of collapsars, a lot can be said about nucleosynthesis
in these events by making two plausible assumptions!®. These are i) that
observed nickel is synthesized in a wind from the accretion disk and ii) that
the wind provides most of the energy for exploding the star. With these
assumptions the only really important unknown is whether Y, in the wind
is very close to 1/2, or if instead Y, > 0.51. The assumption that observed
56Ni comes from the wind means that Y, > 0.485, since more neutron-rich
outflows synthesize very little *6Ni.

Figure 3 shows results of nucleosynthesis calculations for collapsar winds
characterized by Y, = 0.51 and different dynamic time scales and entropies.
In each panel s is the entropy per baryon and X (Ni) is the mass fraction
of Ni in the wind. A range of s ~ 20 — 50 is thought to approximately
bracket the plausible range of entropies found in these winds. The two
different calculations shown for each entropy are for the estimated range of
plausible dynamic time scales possible in these winds. Though there are
some differences between the panels, it is clear that some isotopes - includ-
ing the only stable Sc isotope - are abundantly synthesized in every case.
46,497 are also abundant, but they make only modest contributions to the
total Ti inventory, and it is hard to get isotopic ratios observationally. Cal-



culations for winds with Y, very close to 1/2 show that the most abundant
elements are 93Cu and %4Zn. We’ll concentrate on the case Y, > 0.505. For
Y, very close to 1/2 one can just substitute ®4Zn for 4°Sc in what follows.

X(Ni)=0.35 s=20
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Figure 3. Nucleosynthesis in different collapsar winds. For all panels shown here Y, =
0.51. The range of entropies and dynamic time scales represented by the different panels
is thought to approximately bracket the range of conditions for collapsar winds that
efficiently synthesize 56Ni.

If a wind is responsible for the ~ 1/2M¢, of Ni observed in association
with GRBs, then the total wind mass is Myina & 1Mg if X (Ni) ~ 0.5. The
production factor of Sc is

Mwind X(SC) ~ 1M® X(SC)

~ ~ - 1
Mej X@(SC) 20M@ X@(SC) 300 ( 0)

O(*Sc) =

Here M,; is the total mass ejected in the collapsar explosion. For reference,
nuclei that owe their origin to Type II SNe have production factors O ~
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10 — 20. This means that collapsars make 10 — 50 times more Sc or Zn
than typical SNe can. If collapsars are responsible for Ag synthesis, then
O(Ag) must also be ~ 300 — 1000, depending on the collapsar rate. In this
case, there should be observable correlations between Ag and Sc (or Zn) in
metal-poor stars.

There are only 4 stars I'm aware of for which both Ag and Sc (or Zn)
abundances are known (HD2665, HD6755, HD103095, CS22892-052). For
the HD stars there is a modest correlation between [Ag/Fe] and [Sc/Fe] (or
[Zn/Fe]). For CS22892-052 [Ag/Fe]~ 1, while [Sc/Fe] and [Zn/Fe] are close
to zero. It will be interesting to see if future observations can confirm or
rule out the idea of collapsars as the source of 2nd peak r-process elements.
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